INTRODUCTION
Time-lapse seismic monitoring of reservoir fluid flow and other time-variant subsurface phenomena can be achieved with active and/or passive source seismology (Lumley, 2001; Schuster et al., 2004; Calvert, 2005) . Conventionally, activesource 4D seismic monitoring of reservoir production changes in saturation, pressure, and geomechanical effects is typically done via prestack time migration analysis of the time-lapse wavefields. Instead, we present new developments that demonstrate the benefits of using the full time-lapse wavefields more accurately, for example via 4D prestack depth migration (4D PSDM), 4D wave-equation migration velocity analysis (4D WEMVA) and 4D full waveform inversion (4D FWI). These new developments provide an opportunity for more accurate imaging of complex scattered 4D wavefields, and also the possibility to monitor very weak signals using 4D coda waves, such as in gas depletion reservoirs.
Passive-source monitoring of natural or induced seismicity in the subsurface typically involves seismic data recorded from a few sparse sensor locations, picked event arrival times, and triangulation to determine the seismic event source locations. This conventional approach to passive seismic monitoring has remained fundamentally unchanged for many decades. Instead, we present new developments that demonstrate an opportunity for significant improvements in passive seismic imaging and monitoring by using dense (possibly permanent) buried receiver arrays that record the full seismicity wavefields, and by using full wavefield imaging techniques applied to passive array seismic data and scattered ambient noise fields.
We first present the theory underlying full wavefield imaging and inversion, and then extend it to the time-lapse timedependent form of the problem. We present examples illustrating advanced concepts in full wavefield seismic monitoring using both passive seismic sensor arrays, and active-source 3D/4D seismic data acquisition geometries.
THEORY

Wave propagation
We start by considering seismic wave propagation in a linear elastic isotropic earth as governed by the elastic wave equation (eg. Aki and Richards, 1980) :
where u(x,t) is the wavefield displacement vector, f is a source body force, and () are the isotropic elastic stiffness parameters and bulk density of the rock. In the case that we wish to ignore shear waves, Eqn(1) reduces to the acoustic wave equation in the limit that the shear modulus  approaches zero:
where ∇ 2 is the Laplacian operator, ð tt is the second time derivative operator, v is the acoustic wave propagation velocity, and P is the pressure wavefield. Wave equations (1) and (2) can be rewritten in compact symbolic notation as
where d(x,t) is the seismic data, m(x) is the earth model (elastic or acoustic), (x,t) is a seismic source function (hereafter implicit), and F is the forward modelling (simulation) operator that performs wave propagation in the model m to produce data d. It should be noted that F is the solution to wave equation (1) or (2) and thus generates twoway wave propagation that includes all transmitted and scattered waves. However, the full two-way solution can also be factored (Claerbout, 1985) into two one-way wave propagation solutions (eg. up-going and down-going waves respectively). The majority of modern seismic wave-equation imaging algorithms use one-way wave propagation operators, with reverse-time migration (RTM) being a notable exception.
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Wave equation imaging
The adjoint operator F* can be defined by the following representation theorem
Where < f, g > is defined as the inner product between two quantities f and g. When F is defined as the forward wave propagation modelling operator, F* can be interpreted as the reverse-time adjoint wave propagation operator that maps from data space back to model space:
where u r is the reverse-time receiver wavefield backpropagated into the subsurface. Further, we can form an image of the earth reflectivity model R ≈ ∇m by applying an imaging condition that cross-correlates the source wavefield u s with the receiver wavefield u r at zero time lag =0:
where W is an imaging condition weight (W=1 for structural imaging, W= u s -2 for true amplitude reflectivity imaging), and M is defined as the wave-equation migration (imaging) operator. Note that the image R depends implicitly on knowing the (velocity) model m to propagate the source and receiver wavefield with operators F and F*. In practice, an initial estimate m 0 of the velocity model is made, and Eqn (6) is iterated until an updated velocity model is found such that the image quality Q (to be defined) is optimised in some sense:
Eqn (6) is the basis of all WEM wave-equation seismic imaging (migration) algorithms (Etgen et al., 2009) , and Eqns(6,7) are the basis of all wave-equation migration velocity analysis methods (WEMVA). Choosing the exact form of F (and thus F*) determines whether the imaging is performed post-stack or prestack, in time or depth, and with one-way or two-way wave propagation operators.
Wave equation inversion
Note that Eqn(6) describes a (reflectivity) image of the model m, which is not the same as a physical estimate of m; in fact, R ≈ ∇m. To obtain a physical estimate of the earth model m, an inverse problem must be solved such that:
where F -1 is the inverse operator such that F -1 F = I. For seismic wave propagation, it is generally not possible to solve for F -1 directly except for canonical problems, and therefore a more practical approach is to perform an inversion for m by solving some form of an associated least-squares (or alternate norm) data-fitting optimisation problem (Tarantola, 1986) :
where E is the data misfit error, m 0 is an initial model estimate and  is a weighting factor. For seismic waves, Eqns(9,10) form the basis of what are commonly called (least-squares) full waveform inversion (FWI) methods (Virieux and Operto, 2009) . Applying the gradient optimisation implied by Eqns(9,10) we arrive the inverse solution:
where H -1 is the inverse Hessian operator that forward models impulse response data and then inverse propagates (images) it, thus measuring the resolution and amplitude preservation of the seismic experiment. In practice for an iterative scheme: 
Hybrid wave-equation imaging and inversion
Note that FWI Eqns(9,10) attempt to find a model m that fits the observed data d, but do not guarantee a good image R; and conversely, WEM Eqns(6,7) attempt to find a good image R (by implicitly estimating the underlying velocity component of the model m), but do not guarantee that the imaging velocity model will reproduce the observed data. For this reason, we are interested in posing a multi-objective optimisation problem such that the estimated earth model m recovers both an optimal image R and matches the seismic data d:
where  d and  R are weighting factors that balance the multiple (competing) objectives of imaging and inversion.
Time-lapse (4D) seismic imaging and inversion
In 3D seismic imaging, the seismic data d is measured either at a single calendar time, or if there are multiple surveys, it is assumed that the earth model m does not vary with time. In this case, all of the available data d is used to obtain the best single 3D image or estimate of the subsurface model m.
4D seismic imaging involves acquiring several 3D seismic surveys repeated in time-lapse mode over calendar time, in order to image subsurface changes in time -for example, the effects of fluid injection or withdrawal (Lumley, 2001 ). In the 4D case both the data d and earth model m are a function of calendar time : 
We note that the new time-dependency of the problem allows for many possible imaging/inversion approaches (Lumley et al., 2003; Shragge and Lumley, 2013) The current state of the art in 4D seismic is to perform waveequation (time-domain) imaging using the initial estimated (baseline) velocity model to image all time-lapse data sets. We are interested in combining all data sets to simultaneously optimise each image and inversion in a 4D sense, and as an explicit part of the process to estimate the time-dependent velocity/earth model underlying each data set and image.
RESULTS
We now present examples that illustrate these advanced concepts in seismic monitoring using full wavefield techniques. The first example is related to passive seismic monitoring using dense near-surface buried sensor arrays. The second example is related to active-source monitoring using 4D seismic coda waves. Figure 1 shows an elastic earth model with a microseismic source located on a reactivated fault below a reservoir that experiences stress changes due to fluid withdrawal and injection. Figure 2 shows the FD elastic wavefield data recorded in a dense passive seismic array near the earth's surface. Figure 3 shows an image of the fault-reactivation microseismic source function obtained by reverse-time imaging of the passive seismic wavefield. This wave-equation image is in direct contrast to conventional microseismic hypocentre location via trace event-picking and triangulation. Figure 4 shows a FD elastic shot gather generated over the earth model of Figure 1 . Figure 5 shows a time-lapse difference shot gather scaled by 5x, before and after gas depletion in the reservoir zone. Although the primary 4D reflection is very weak (as expected for gas depletion), the 4D coda waves are prominent and carry significantly more energy. Figure 6 shows a 4D PSDM difference image scaled by 3x as obtained via Eqns(6, 7, 16) , exhibiting weakly depth-imaged changes within the reservoir and a strong 4D image coda below the reservoir. Careful imaging and inversion of 4D coda waves can significantly improve our ability to monitor weak changes in the subsurface which are not currently detectable with conventional 4D seismic techniques. 
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CONCLUSIONS
We present the theory for advanced concepts in full wavefield imaging and inversion of time-lapse seismic monitoring data for both active and passive sources. Our data examples show more accurate information can be extracted from time-lapse data when 4D signals are very weak, or very strong. Further, we show that natural or induced seismicity sources can be imaged using full wavefield techniques with dense nearsurface sensor arrays.
